The Raman spectrum of the indocyanine-type dye IR-820 has been assigned for both solid and solution. SERS spectra of IR-820 on both silver and gold nanoparticles suspensions excited at 1064 nm were obtained. AgNPs allowed the detection of the dye through SERS down to 0.1 micromoles per liter; for the AuNPs the lowest concentration of the dye detectable was 10 micromoles per liter. Changes in the SERS relative intensities compared to the Raman spectrum in solution are subtle, mostly due to the preresonance effect of the dye. However, a perpendicular orientation relative to the metallic surface was inferred for the dye on both AgNPs and AuNPs. The easily distinguishable SERS spectra of the dye excited at 1064 nm, together with the high biological compatibility of cyanine dyes, are both indicative that IR-820 could be used as a high-performance probe molecule for SERS.
Introduction
The surface-enhanced Raman scattering (SERS) effect has been studied for almost 40 years [1] [2] [3] . The importance of the morphological properties of coinage metal nanostructures in providing large Raman signal amplification cannot be overestimated, as they are essential in the better understanding and development of the field. The SERS effect depends so strongly on the size, shape, and nature of metallic nanostructures that it has been tightly attached to nanoscience development over the past decades [4] . The strong dependence of the SERS enhancement on the geometrical properties of metallic nanostructures led to many studies that were focused on the optimization of nanostructures through different synthesizing methods. These methods could accurately control features such as the shape and the size of the metal nanoparticles [5] . The great effort put in the preparation of highly efficient SERS substrates resulted in the ability of applying the SERS effect in a wide range of fields, such as electrochemistry [6] , advanced materials [7] , environmental sciences [8] , and biosensing [9] , among other applications [10, 11] . Potential applications of the SERS effect as a bioanalysis technique have been strongly explored over the last few years [12] ; such applications have actually been extended to in vivo applications in diagnostics [13, 14] .
In addition to the dependence on the metallic nanoparticle characteristics, SERS is a strongly molecule and wavelength dependent effect, with the efficiency of the enhancement effect ranging over several orders of magnitude [15] . Approaches for the implementation of SERS in biological systems usually employ high-performance SERS-tags, which may include cyanine dyes, such as indocyanine [16] . Cyanine dyes usually present a very large Raman cross-section that might reach 7 × 10 −25 cm 2 srad −1 in preresonance conditions for some merocyanines [17] . Single-molecule SERS detection has already been verified for the indocyanine green dye [16, 18] .
The use of near-infrared (NIR) excitation in SERS studies of biological systems is of great importance, as it is usual to observe intense fluorescence background contributions from components of the system itself when the excitation occurs in the visible range of frequency. This being said, the use of FT-Raman is attractive for such measurements with excitations at 1064 nm. However, there have only been a small number of works reporting the use of excitation at 1064 nm for SERS [19, 20] . It is important to notice that the efficiency of the local field localization decreases in the NIR, and the SERS enhancement factors may decrease greatly [21] . This drawback introduces the pressing necessity of combining high-performance SERS substrates with high-performance SERS probes. Recently, the emeraldine-form of polyaniline has been proposed as a high-performance SERS probe with excitation at 1064 nm [22] . As such, it would be interesting to have a more easily available probe molecule, which could be readily used in SERS experiments.
Taking into account the properties of cyanine-dyes, the IR-820 dye (structure presented in Scheme 1(a)) has been selected as a molecular probe for SERS with excitation in 1064 nm. The vibrational Raman and IR characterization of the IR-820 dye are also presented.
Experimental Section
All chemicals were purchased from Sigma-Aldrich and IR-820, HAuCl 4 , AgNO 3, and sodium citrate were of high purity and were used without further purification. Deionized water (R = 18.2 MΩ⋅cm −1 ) was used in the preparation of all solutions. Au nanoparticle suspensions (AuNPs) were prepared through a well-established methodology [23] . To prepare the gold suspension, a solution of HAuCl 4 (0.01%) was kept boiling under reflux and 500 L of citrate solution (1%) was added. After a few seconds the color changed to red. The silver nanoparticles (AgNPs) suspension has also been prepared using a well-known method [24] : in short, a solution of AgNO 3 (1.8 mmol L −1 ) was kept boiling under reflux and a 1% citrate solution (2 mL) was added in the mixture; the resulting solution turned gray and it was kept boiling for ca. 1 hour. Both Au and Ag nanoparticle solutions were stored at 4 ∘ C before measurements.
UV-visible spectra were acquired with a Shimadzu UVPC1000 spectrometer, using a 10 mm fused silica cell. The FTIR spectrum was acquired from the solid IR-820 dispersed in KBr pellet with a Bomem MB100 spectrometer. The Raman spectra have been acquired with a Bruker RFS 100 spectrometer and a Nd 3+ /YAG laser with a line at 1064 nm and with a 4 cm −1 spectral resolution, equipped with a Ge detector cooled with liquid nitrogen. The SERS spectra were acquired using different concentrations of IR-820: 0.1, 1.0, 10.0, and 100 mol L −1 in both gold and silver suspensions using a 300 mW laser power and 200 scans; the AgNPs and AuNPs suspensions were diluted 5 times using deionized water for the SERS experiment and, before the addition of the dye, a final concentration of 43 mmol L −1 KCl was added to the nanoparticle suspensions, in order to trigger the aggregation of the nanoparticles and improve the SERS performance [25] . Raman spectra of the liquid state were also obtained using 200 scans and a 300 mW laser power.
The structure and vibrational frequencies of IR-820 have been calculated using the Gaussian09 suite of programs [26] at DFT level of theory, using the hybrid functional B3LYP [27] [28] [29] , and the triple-basis function set 6-311G(d,p) [30, 31] . The geometry optimization was performed without any constraint; there has been no calculated imaginary frequency, confirming that the calculated structure corresponds to a local-minimum of the potential energy surface. The calculated Raman activity has been converted to calculated Raman intensity by a correction for the scattering frequency (considering excitation at 1064 nm) and assuming a finite temperature of the sample (considered to be 25 ∘ C) [32] . Calculated Raman and infrared spectra were plotted from GaussView software [33] outputs considering a resolution of 4 cm −1 . No correction to the calculated vibrational wavenumbers has been used. The assignment of the vibrational bands has been made by visual inspection of the calculated vibrational modes. The atom numbering for the optimized IR-820 geometry (presented in Scheme 1(b)) and the z-matrix of the optimized structure in the B3LYP/6-311G(d,p) DFT calculations is available from the authors upon request. The molecular electrostatic potential (MEP) maps, presented in Scheme 1(c), have been plotted using GaussView.
Results and Discussion
The UV-VIS spectrum of an aqueous solution of IR-820 is presented in Figure 1 . IR-820 is a cyanine dye that presents a strong and broad absorption band at 690 nm in aqueous solution, which has a molar absorptivity of 7.2 × 10 4 dm 3 mol −1 cm −1 , with a shoulder at ca. 819 nm. The shoulder at 819 nm is a hot-band, as it has been shown by acquiring the UV-VIS spectrum of an IR-820 solution at different temperatures. It should be noted that the broad absorption of IR-820 indicates that this dye might be in preresonance with the laser line at 1064 nm, used in the SERS measurements in the present work. Additionally, the absorption band at higher wavelengths in the UV-VIS spectrum of IR-820 has already been observed in other cyanine dyes. This band has been assigned to a charge transfer transition [34, 35] .
Vibrational Assignment of the Raman and Infrared Spectra of IR-820.
The potential use of IR-820 as a high-performance SERS probe requires an assignment of the Raman and infrared spectra of the dye. The Raman and infrared spectra of solid IR-820 are presented in Figure 2 . The most intense bands in the spectra are marked in Figure 2 , and a more extensive band position and vibrational assignment are presented in Table 1 . This vibrational assignment has been performed taking into consideration the calculated Raman and infrared spectra of IR-820 in vacuum (presented in Figure 3 ) and references from experimental vibrational assignments [36] . In order to ensure clarity in the following discussion, the band assignment has been referred to calculated frequency values. Table 1 shows that the low wavenumber bands at 308, 359, 392, and 461 cm −1 are assigned to out-of-plane CCC bending of the alkyl chain of the dye. Vibrational modes related to the CC stretching vibrations are assigned to the bands at 802 and 1072 cm The CCC bending of the conjugated central chain of IR-820 (see Scheme 1) has been assigned to the bands at 654 and 874 cm −1 and has also been found to contribute as a minor vibration in the mode assigned to the band at 392 cm The modes that present contributions from different rings of the IR-820 dye have been each labelled by letters from A to G in Table 1 , which may be found in the IR-820 structure in Scheme 1. The discussion of the assignment will be made without distinguishing between the rings. The ring CCC bending modes are assigned to the bands at 520, 595, 639, 654, 840, 874, and 911 cm −1 . The mode assigned to the band at 911 cm −1 also has a contribution from CH 2 twisting of ring D; additionally, the CH 2 rocking of ring D is assigned to the band at 815 cm −1 . The out-of-plane CH bending of the aromatic ring was assigned to the band at 718 cm −1 , and the in-plane CH bending can be assigned to bands at 1161, 1174, 1208, 1236, and 1482 cm Finally, the band at 481 cm −1 has been assigned to the symmetric bending of the SO 3 − group and to the CS stretching (experimental at 503 cm −1 ). On the other hand, the C-S stretching vibration is the dominant vibration at 691 cm −1 , and the SO stretching is assigned to the band at 1208 cm −1 .
SERS Spectra of IR-820 on Silver and Gold Nanoparticles.
Figures 4(a) and 4(b) present the SERS spectra of the IR-820 dye on AuNPs and AgNPs, respectively, compared to the Raman spectra of a 100 mol L −1 IR-820 solution. As it was expected, there is a considerable improvement in the signal-to-noise ratio as well as in the Raman intensity for both nanoparticle systems. It can also be observed that the SERS intensity is higher for IR-820 adsorbed on AgNPs, which resulted in SERS spectra for concentrations as low as 0.1 mol L −1 of the dye. The difference in SERS intensity between AgNPs and AuNPs may be ascribed to the much larger size distribution obtained for the AgNPs compared to the AuNPs, through the preparation procedures used. As one can notice in the extinction spectra of both nanoparticles suspensions, presented in Figure 4 (c), the FWHM for the band at 438 nm in the AgNPs spectrum is 160 nm, considerably larger than the FWHM = 108 nm in the AuNPs spectrum. This result indicates that the size distribution in AgNPs is larger than for AuNPs. Additionally, the presence of chloride results in a greater amount of aggregation for AgNPs than for AuNPs.
The SERS spectral profile of IR-820 on both AgNPs and AuNPs is somewhat similar to that reported for the indocyanine green (ICG) dye [16] , which has already been reported as a high-performance molecular probe for SERS experiments. The most intense bands in the 1000-1600 cm
range of the SERS spectra are present in both spectra with similar wavenumbers and relative intensity. A very strong band at 1122 cm −1 , assigned to CH in-plane bending of the aromatic ring, is one of the most intense bands in the IR-820 SERS spectra, as well as in the ICG spectrum. Similar conclusions may be drawn for several very strong bands in the IR-820 SERS spectra, such as those at 943, 1207, 1440, and 1522 cm −1 , which are also very strong in the SERS spectra of ICG.
The SERS spectra of IR-820 on both AgNPs and AuNPs have also been compared to the Raman spectra of the dye in solution, also presented in Figure 4 . One can observe that the relative intensity of bands assigned to different groups presented only subtle changes in the spectra of the adsorbed dye compared to the solution; all the compared bands could be observed in both spectra, and there have not been any noteworthy wavenumber changes. The lack of observable changes resulted in a simple band assignment for the SERS results, as it is being presented in Table 1 , together with the Raman and FTIR spectra assignments. In spite of the similarities in the SERS and Raman spectra of IR-820, one can also observe that several relative intensities have changed. The most important observed changes have been noticed mostly in the low wavenumber region of the spectra.
Compared to the Raman spectra of IR-820 in solution, the bands at 450 and 1580 cm −1 present an increase in the relative intensity in the SERS spectra. Several other bands present changes in the relative intensity of the SERS spectra, taking the band at 1522 cm −1 as an example. It can also be observed that, for the bands at 943 and 1121 cm −1 , no shoulder or low intensity band is found in the SERS spectra, unlike what has been observed in the Raman spectrum in solution. In addition, the relative intensities of the bands at 943, 1121, and 1522 cm −1 changed considerably in the SERS spectra. The observation of the mentioned changes in SERS relative intensity results in a dependence of the SERS enhancement factor for IR-820 on the vibrational mode, as it will be discussed later in this work.
The changes in the SERS spectra compared to the Raman spectra are small, as has been demonstrated above. Although not conclusive, this result is indicative of a small contribution of the chemical mechanisms for the SERS effect in the case of IR-820 [4] . Due to the small number of adsorption centers for the dye, mostly amines that are heavily spatially hindered, it is actually not expected that the chemical interaction of the dye with the surface is strong. On the other hand, the dye and the surface stabilizer (citrate) are negatively charged, and IR-820 is observed in a zwitterionic form, such that it could be reasonable to expect an important electrostatic interaction between the dye and the metallic surfaces. Such a preferential interaction of groups of the IR-820 molecule with the surface could result in changes in the relative intensities in the SERS spectrum. If one compares the MEP results in Scheme 1(c) to the above discussion, an interesting correlation may be found. The MEP in Scheme 1(c) indicates a large accumulation of negative charges by the sulfonate groups, and some in the ring moieties, which is in a good correlation with the adsorption configuration proposed below on the basis of SERS relative intensities.
However, there are not many changes between the spectra of IR-820 in solution and the SERS relative intensities, which could be a result of the frequency proximity of the IR-820 absorption band at 690 nm ( = 7.2 × 10 4 dm 3 mol −1 cm −1 ) with a strong shoulder at 819 nm to the exciting radiation at 1064 nm (the difference in energy is 2800 cm −1 ); such a proximity could indicate a preresonance of the FT-Raman exciting radiation with the lower energy electronic band of IR-820. It has been demonstrated that a preresonance condition in SERS experiments usually decreases the spectral changes with adsorption [37] . This characteristic is indeed observed in the SERS spectra of IR-820 excited at 1064 nm presented in Figure 4 . and compared to the assignments from [36] .
One interesting point resulting from the above characteristic of the SERS spectrum is that it is possible to directly calculate enhancement factors for IR-820 using the Raman spectrum as a reference, as the adsorbed chemical species is very similar to the solution species.
In order to evaluate the SERS spectra of IR-820 it is important to calculate the SERS enhancement factor (SERS-EF). Several methodologies for the SERS-EF calculation have been reported in the literature each of them being adequate for different types of SERS substrates and levels of knowledge of surface behavior of the adsorbate [38] . Considering that there is a complete lack of experimental information on the adsorption behavior of the IR-820 dye, the characterization of the dye has been made on AgNPs and AuNPs in suspension. As such, the most used methodology for the calculation of SERS-EF, referred to as analytical enhancement-factor (AEF), has been chosen, as shown in the following equation [38] :
where SERS and Raman are the experimental SERS and Raman intensities, respectively, and SERS and Raman are the dye solution molar concentrations used in SERS and Raman experiments, respectively. It should be noted that (1) assumes a model for the SERS enhancement that considers all molecules in the excited volume to present the same contribution to the SERS enhancement [38, 39] . For concentrations well above what is needed in order to fully cover the nanoparticles with a layer of the dye, the amount of adsorbate that is not in direct contact with the surface may be important. If a large number of molecules is not in contact with the nanoparticles surface and is not close enough to the surface to be under the influence of the enhanced local field of the metallic nanoparticles, it could strongly influence the SERS-EF calculations. The calculated SERS-EF of IR-820 on both AgNPs and AuNPs excited at 1064 nm for three different SERS bands and different concentrations are presented in Table 2 . Comparing the SERS-EF of IR-820 adsorbed on AuNPs to the one of IR-820 adsorbed on AgNPs in concentrations of 10 mol L −1 , it is easily observed that the enhancement factor of Ag is ca. 4.5 times larger than that of Au. Although the LSPR band of the AuNPs is closer to the Nd/YAG laser line, the larger AEF for silver may be better understood if one takes into consideration the fact that the size distribution in the AgNPs suspension is much broader than for AuNPs in the experimental conditions used [24] . The broader size distribution would indicate the possibility of obtaining large AgNPs in suspension, even in small concentrations, resulting in a better SERS performance. Additionally, in order to obtain the best possible SERS signal, 10 mmol L −1 KCl has been added to the solution for both nanoparticle suspensions; the amount of Cl − added is known to considerably improve the SERS performance of the nanoparticle suspensions by inducing aggregation [25] . The Cl − induced aggregation is much more effective in AgNPs due to specific interactions between Ag and Cl − . If no KCl is added to the nanoparticle suspensions, SERS performances for both AgNPs and AuNPs are considerably lowered, which is strong evidence that the aggregation has a very important role in the performance of AgNPs and AuNPs suspensions as substrates for IR-820 SERS.
Another important observation from Table 2 is that the calculated SERS AEF strongly depends on the dye concentration for both AgNPs and AuNPs. For example, it can change from 1 to 3 orders of magnitude for AgNPs when changing concentrations from 100 to 0.1 mol L −1 . This result is to be expected as a consequence of the simplicity of the AEF calculation, as discussed above [39] . This low accuracy occurs because the SERS intensity decreases strongly for molecules that are not in direct contact with the nanoparticle surface. It is worth noting that the monolayer saturation for smaller cyanine dyes, compared to IR-820, on silver halides occurs at the 1-2 mol L −1 in aqueous media [40] . So, for concentration as high as 100 mol L −1 , it is expected that a large portion of the molecules present in the AgNPs and AuNPs suspensions are not directly adsorbed on the surface of nanoparticles, thus contributing very little to the SERS enhancement.
The effect that the concentration of the adsorbate has on the SERS-EF decreases as the bulk concentration decreases, which results in an increase of the SERS-EF calculated with the AEF methodology [39] . It should be mentioned that the AEF model focuses mostly on the nature of the adsorbate, as there are no considerations about specific substrate properties. The focus on the substrate could be achieved by using different models for the calculation of SERS-EF [21] . The present work, however, is focused on the properties of the adsorbed IR-820 dye and not on the substrate. With this focus the AEF model for calculating the SERS-EF shows that the dye presents a strong SERS intensity when excited at 1064 nm. This is unusual, if SERS experiments on other dyes are taken into consideration, due to the decrease in the efficiency of the field localization by plasmonic resonances [21] . As a result, it has been possible to detect the dye in 0.1 mol L −1 , which makes it an interesting candidate as a SERS probe molecule for excitations in the near infrared. Figure 5 presents the SERS spectra of IR-820 compared to the SERS spectra of Rhodamine-6G (R6G), probably the most studied SERS dye, under the same experimental conditions and at a 1.0 mol L −1 concentration. Figure 5 shows that Rhodamine-6G presented SERS intensities similar to IR-820.
The SERS-EFs also present a slight dependence on the vibrational mode, as it can be observed from the changes in the AEF calculated for the bands at 943, 1121, and 1522 cm −1 in Table 2 . The AEF for the band at 1121 cm −1 is 30-38% lower than for the other two bands in all cases, except for the IR-820 concentration of 100 mol L −1 on AuNPs. The three bands have been assigned to in-plane vibrational modes of the aromatic rings and the delocalized chain in the center of the structure of the dye (see Table 1 ); this result suggests that there is a preferential orientation of the dye molecule with the aromatic rings perpendicular to the metallic surface [41] . The changes in the IR-820 SERS intensities compared to the Raman spectrum in solution are subtle unlike several other molecules in the literature [42] . The small changes may be attributed to the preresonance condition of the dye for excitation at 1064 nm. The preresonance condition is thought to decrease the influence of orientation in the SERS relative intensities, which could explain the behavior of IR-820 in the present work [37] .
Conclusion
The indocyanine-type dye IR-820 had the vibrational Raman and FTIR spectra assigned with the support of DFT calculations. The vibrational assignment was used in order to better understand the SERS spectra of the dye on AgNPs and AuNPs suspensions. The SERS relative intensities only presented small changes when compared to the Raman spectra of the dye in solution. Additionally, the SERS relative intensities presented a weak dependence on both the surface material and vibrational mode, which indicated weak surface interaction. The weak dependence of SERS relative intensities on the vibrational modes, however, indicated that the dye was adsorbed with the aromatic rings perpendicular to the surface.
The weak dependence of the SERS relative intensities on the metallic surface and on the vibrational modes indicates that IR-820 is an interesting candidate as a probe molecule for SERS with excitation in the near infrared. The ubiquitous use of FT-Raman spectroscopy also indicates that IR-820 may be an interesting probe for SERS on such configurations.
